Chemokines are small chemoattractant proteins that facilitate leukocyte migration and activation through binding to their seven-transmembrane helix G protein-coupled receptors and play a role in homeostasis, inflammation, and disease (1-3). Chemokine gradients formed through their interaction with cell surface GAGs, 1 together with chemokine oligomerization, are thought to be important in leukocyte recruitment (4). Chemokines are also involved in transendothelial migration of leukocytes, maturation of leukocytes, traffic and homing of lymphocytes, development of lymphoid tissues, and angiogenesis (5-10). Because of the broad range of their immunoregulatory roles, chemokines and their receptors are targets for drug development for control of allergic and autoimmune diseases as well as for HIV infection, because entry of the virus into cells is dependent on binding to a chemokine receptor.
together with chemokine oligomerization, are thought to be important in leukocyte recruitment (4) . Chemokines are also involved in transendothelial migration of leukocytes, maturation of leukocytes, traffic and homing of lymphocytes, development of lymphoid tissues, and angiogenesis (5) (6) (7) (8) (9) (10) . Because of the broad range of their immunoregulatory roles, chemokines and their receptors are targets for drug development for control of allergic and autoimmune diseases as well as for HIV infection, because entry of the virus into cells is dependent on binding to a chemokine receptor.
Chemokines are divided into four subclasses on the basis of the number of conserved cysteine residues and their spacing. Most of the ϳ50 known chemokines belong to either the CC or CXC subclass. The two other subclasses of chemokine each have a single known member: fractalkine for the CX 3 C class and lymphotactin for the C class (11, 12) . Three-dimensional structures determined for a variety of chemokines have revealed a conserved, disulfide-stabilized chemokine fold that consists of a three-stranded antiparallel ␤-sheet and a C-terminal ␣-helix. Some CXC and CC chemokines form dimers, and while the tertiary structure of the subunits is invariant, substantial differences have been observed in quaternary structure (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In CXC-class chemokines, the dimer interface primarily involves joining the ␤1-strand of each monomer to form a single six-stranded antiparallel ␤-sheet; by contrast, CC chemokines typically self-associate through an additional ␤-strand (␤0) in the N terminus of each monomer. Novel quaternary interactions have also been observed in x-ray crystal structures of fractalkine (24) and MCP-1 (25) .
Lymphotactin (Ltn) is unique among chemokines in that it (i) contains only one of the two disulfide bridges that are conserved in all other chemokines and (ii) possesses a unique C-terminal extension, which is required for biological activity (26, 27) . Originally identified as a T and NK cell-specific chemokine (12, 28, 29) , Ltn has recently been found to chemoattract neutrophils and B cells through the XCR1 receptor (30 -32) . A mediator of mucosal immunity, Ltn is thought to be a factor in acute allograft rejection (33) and inflammatory bowel diseases (34, 35) . We recently used NMR spectroscopy to determine the three-dimensional structure of human lymphotactin (hLtn) at 10°C in a solution containing 200 mM NaCl (23) . Under these conditions, Ltn is predominantly monomeric and adopts the canonical chemokine fold; its C-terminal extension is disordered and highly mobile.
NMR spectra of hLtn in the absence of NaCl acquired be-tween 10 and 35°C show chemical shift patterns dramatically dependent on temperature, which have been attributed to conformational heterogeneity (27) . In the present work, we have demonstrated that hLtn undergoes a structural transition that is dependent both on temperature and salt concentration. The form stabilized at low temperature/high salt has the structure determined previously (23) . We have used NMR spectroscopy, analytical ultracentrifugation, and fluorescence spectroscopy to characterize the high temperature/low salt conformation of hLtn, which is shown to have a novel, non-chemokine-like fold. (23) . A truncated version of the protein (residues 1-68) also was cloned into the pET-3a vector as a fusion with SNase, expressed, and purified from the inclusion bodies in the same manner as the full-length protein.
Sedimentation Equilibrium-A Beckman Optima XL-A analytical ultracentrifuge was used for sedimentation equilibrium experiments. Protein samples at 20, 124, and 220 M in 20 mM sodium phosphate, pH 6.0, containing 100 mM NaCl were dialyzed against 2 liters of the same buffer overnight at room temperature. Double-sector charcoal-filled Epon centerpieces were used with path lengths of 3 mm (for samples at 124 and 220 M) and 12 mm (for the 20 M sample). The concentration gradients were recorded at 280 nm every 2-3 h until gradients became superimposable. Equilibrium data were collected at 18,000, 24,000, 29,000, 33,000, and 39,000 rpm at 40°C. At 24,000 rpm the equilibrium gradient was monitored for over 12 h and found to be stable. To test the reversibility of the gradients after equilibrium had been reached at 39,000 rpm, the rotor speed was returned to 24,000 rpm and samples allowed to equilibrate. At the end of the run, a baseline absorbance was recorded for each cell after a high speed depletion of protein from the cell (4 -5 h at 52,000 rpm). The molecular weight and partial specific volume of hLtn were calculated from the amino acid sequence to be 10,254 and 0.735 ml/g, respectively. The extinction coefficient calculated from the tryptophan, tyrosine, and cystine content was 7,115 M Ϫ1 cm Ϫ1 (36) . The buffer density was measured with an Anton Paar DMA5000 density meter and found to be 0.99825 g/ml at 40°C.
A program written for Igor Pro (Wavemetrics Inc., Lake Oswego, OR) by Darrell R. McCaslin was used for the analysis of the sedimentation equilibrium data. Various models were fit to all data simultaneously, with data from the 12-mm path length cell (20 M protein) normalized to a 3-mm path length. Models evaluated included single species, two and three species in equilibrium, and two independent non-interacting species. All models included a fitting parameter to account for the non-sedimenting baseline absorbance measured by high-speed depletion at the end of the experiment. In evaluating the fits, models yielding baselines substantially different from the measured value were taken as incorrect. The data collected at 33,000 and 39,000 rpm did not fit well to the model (monomer-dimer equilibrium) developed for the lower speed data. Although these data suggested that higher order aggregates form at the higher concentrations developed at these speeds, the data are insufficient to clarify what these species might be. The possibility of higher order, irreversible aggregation is further suggested by the nonsuperimposability of the 24,000-rpm gradients before and after equilibration at higher speeds. Because of the likelihood of the presence of these higher order aggregates, equilibrium data from the 33,000, 39,000, and 24,000 reversal were not included in the final analysis.
Fluorescence Measurements-Intrinsic fluorescence emission spectra were measured in a QuantaMaster C-60/2000 spectrofluorimeter (Photon Technologies International). Temperature was varied from 2.6 to 87.7°C by an external circulating water bath. Sample temperatures were directly measured by a Sensortek BAT-12 digital thermometer with a thermocouple probe. Excitation was at 295 nm; all slits were set at 2 nm. Spectra were recorded at 0.5-nm intervals from 310 to 450 nm with a 1-s averaging time. Samples in a 1-cm-square cuvette contained 15 M protein in 20 mM sodium phosphate buffer, pH 6.0, with and without 200 mM NaCl.
NMR Spectroscopy-Protein samples used for NMR measurements were dissolved in 90% H 2 O/10% D 2 O. All samples contained 20 mM sodium phosphate (pH 6.0), 0.05% sodium azide, and sodium chloride ranging in concentration from 0 to 200 mM. NMR spectra were collected either at NMRFAM on Bruker DMX 600 and 750 MHz spectrometers, both equipped with triple axis gradients and triple resonance probes, or at the Medical College of Wisconsin on a Bruker DRX 600 spectrometer equipped with a z axis gradient and a triple resonance cryoprobe. Chemical shifts were referenced to the methyl signal of internal 2,2-dimethylsilapentane-5-sulfonic acid (DSS) directly for 1 H and indirectly for 15 N and 13 C as prescribed by IUPAC recommendations (37).
15
N-1 H HSQC spectra were collected as a function of temperature from 10 to 45°C, and one-dimensional 1 H spectra were acquired over the range of 10 to 75°C. NMR spectra used for obtaining sequence-specific resonance assignments of hLtn high temperature, low salt conformation were acquired at 45°C in the absence of NaCl.
The following data sets were collected and used to determine spectral assignments and to obtain structural constraints: two-dimensional 15 15 N]hLtn acquired with and without a 3-s proton saturation period (46) . The values of NOEs were obtained from the ratio of the peak intensities in proton-saturated and -unsaturated spectra. A fourdimensional 13 C/ 15 N-edited HMQC-NOESY-HSQC spectrum (47) was acquired on a sample composed of [U-
15 N] and [U- 13 C]hLtn mixed in a 1:1 ratio in order to probe a potential dimer interface. Felix95 (Molecular Simulations) or NMRPipe (48) software was used to process NMR data. The XEASY software package was used for NMR data analysis and resonance assignments (49) . The CSI program was used for calculating the consensus chemical shift index from experimental 1 H ␣ , 13 C ␣ , 13 C ␤ , and 13 CЈ chemical shifts (50, 51) .
RESULTS
Salt-and Temperature-dependence of hLtn Chemical Shifts-We previously reported the NMR solution structure of hLtn determined at 10°C in a buffer containing 20 mM sodium phosphate, pH 6.0, and 200 mM NaCl (23) . Under these conditions, hLtn adopted the conserved chemokine fold consisting of three antiparallel ␤-strands and a C-terminal ␣-helix with unstructured N-(1-9) and C-terminal (69 -93) residues. In identifying the optimal solution conditions for the study of this structure, we observed heterogeneity in the 15 N-1 H HSQC spectrum of hLtn that could be modulated by temperature and salt concentration (23), a phenomenon also described by Handel and co-workers (27) . To characterize this effect, we acquired a series of NMR spectra under various salt concentrations (ranging from 0 to 200 mM NaCl) and temperatures (ranging from 10 to 45°C). Under some solution conditions, two-dimensional 15 N-1 H HSQC spectra of hLtn displayed two sets of peaks corresponding to two distinct conformations. The relative populations of these peaks were highly dependent on the temperature and the ionic strength of the solution. One set of signals corresponding to the chemokine-like structure dominated at low temperature and high salt concentrations, and the other dominated at high temperature and low salt concentrations. The exchange between the two conformations was slow on the NMR timescale, as evidenced by the appearance of distinct resonances. To assess the role of the unique C-terminal extension of hLtn in promoting this conformational exchange, a truncated version including only residues 1-68 was produced, and its 15 N-1 H HSQC spectrum was compared with that of the full-length protein under a variety of solution conditions and temperatures. Removal of the 25 C-terminal residues had no effect on the temperature-and ionic strength-dependent conformational exchange, indicating that the unstructured C ter-minus of hLtn is not responsible for its unusual structural heterogeneity.
An overlay of 15 N-1 H HSQC spectra of hLtn collected at 10°C with 200 mM NaCl and at 45°C with 0 mM NaCl is shown in Fig. 1 with sequence-specific resonance assignments indicated for the 45°C spectrum. The patterns of signals for the low temperature/high salt species (Fig. 1, red peaks) and the high temperature/low salt species (Fig. 1, black peaks) are strikingly different, consistent with a major structural change. The stability of this novel high temperature/low salt conformation against thermal denaturation was demonstrated by a series of one-dimensional 1 H spectra acquired from 45 to 75°C that displayed the same pattern of amide 1 H N signals over the entire range (data not shown). Fig. 2 shows the changes in the high frequency region of the two-dimensional 15 N-1 H HSQC spectrum of hLtn as a result of varying salt concentrations and temperatures. At 10°C in the presence of 200 mM NaCl, hLtn adopted one conformation corresponding to the chemokine-like fold (panel A). As the temperature was increased from 10 to 25°C, a new set of signals appeared in the spectrum (panel B). Comparison of the spectra in panels B and C, both collected at 25°C with and without 200 mM NaCl, clearly shows the effect of ionic strength on hLtn conformation. At 25°C in the presence of 200 mM NaCl, signals from the chemokine-like conformation are stronger, whereas in the absence of salt, the new set of peaks is predominant. Under low salt conditions, a temperature increase from 25 to 45°C shifted the equilibrium farther, as illustrated by the complete lack of low temperature signals in Fig. 2D . For convenience, the two human lymphotactin species will be referred to henceforth as hLtn10 (chemokine-like conformation, 10°C, 20 mM sodium phosphate, pH 6.0, 200 mM NaCl) and hLtn45 (45°C, 20 mM sodium phosphate, pH 6.0, 0 mM NaCl).
In order to estimate the relative populations of each hLtn conformation near physiologically relevant conditions, a twodimensional 15 N-1 H HSQC spectrum was collected at 37°C in the presence of 200 mM NaCl. Quantitative analysis of peak volumes for 12 residues displaying well resolved signals for both hLtn10 and hLtn45 conformations indicated that the two species are present in nearly equal amounts (46% Ltn10, 54% Ltn45).
Sequence Fig. 3 . Comparisons of the resonance assignments from the two conformations of hLtn revealed substantial chemical shift perturbations for residues throughout the domain but with no obvious pattern. Backbone amide shift differences are relatively small for residues of the unstructured termini (Fig. 3) , but residues 54 -66 of the ␣-helix display consistently large 13 Effects of Salt and Temperature on the Aggregation State of hLtn-Although structural analysis of hLtn at 10°C in the presence of 200 mM NaCl provided no specific evidence of aggregation, our sedimentation equilibrium studies and NMR pulsed-field gradient diffusion measurements have shown that the protein exists as a monomer-dimer equilibrium with an equilibrium association constant of 850 Ϯ 10 M Ϫ1 (23) . Broader lines were observed in the two-dimensional 15 N-1 H HSQC spectrum of hLtn45 than in hLtn10 (Fig. 1) , suggesting that a change in aggregation state might accompany the transition. Many chemokines form dimers (14 -16, 52-55) , and the aggregation of MIP-1␣ has been shown to be inhibited by elevated salt concentrations (56, 57) . In order to determine the aggregation state of the high temperature/low salt hLtn species, a Both samples contained 20 mM sodium phosphate, pH 6.0, and 0.05% sodium azide. Backbone NH assignments for the high temperature spectrum are indicated by the one-letter amino acid code and residue number. sedimentation equilibrium study was performed at 40°C in a buffer containing 20 mM sodium phosphate, pH 6.0, 100 mM NaCl. The conditions used for ultracentrifugation represented the closest approximation to the hLtn45 NMR conditions that could be accommodated experimentally. Global analysis of the sedimentation equilibrium behavior of hLtn under these conditions indicated the presence of monomer-dimer equilibrium with an association constant of 26,000 Ϯ 2,000 M Ϫ1 . In contrast, our previous study of hLtn at 10°C and 200 mM NaCl revealed a much weaker association (K a ϭ 850 Ϯ 10 M Ϫ1 ). These results clearly show that the high temperature/low salt form of hLtn has a greater tendency to self-associate. Fig. 4 illustrates sedimentation equilibrium under each of the conditions. For the theoretical curves, the molecular weight of the monomer and the baseline absorbance were fixed. The experimental data were then fit while also holding the association constant to the values indicated.
Fluorescence Measurements-The fluorescence emission from tryptophan residues is very sensitive to the environment of the side chain and is often used as a probe of structural perturbations. Red shifts in the emission maximum and decreases in fluorescence intensity generally suggest an increased exposure of tryptophan residues to solvent (58) . hLtn has a single tryptophan residue (Trp-55) located near the start of the C-terminal ␣-helix in the chemokine-like hLtn10 conformation that participates in hydrophobic core interactions. Therefore, changes in the emission spectra of hLtn directly reflect alterations in the Trp-55 environment. Fig. 5A shows the emission spectra at 10.6 and 53.9°C in the absence of salt. Going from low temperature to high, we see both a loss in intensity and a red shift in the emission maximum, indicating the tryptophan has become more solvent exposed at the higher temperature. Addition of salt to the 53.9°C sample results in both a shift back to lower wavelengths and enhanced fluorescence yield. These results show that the exposure of the single tryptophan of hLtn to solvent is dependent on both temperature and salt concentration. As further characterization of the structural interconversion, emission spectra were recorded as a function of temperature in the presence and absence of salt.
The assignment of precise peak positions in intrinsic fluorescence spectra is difficult, but the use of the intensity-weighted average emission wavelength has proven effective in quantitating shifts in emission maximum positions (58) . Fig. 5B shows a plot of the average emission position versus temperature, and clearly the presence of salt has shifted the exposure of the tryptophan to higher temperatures.
Secondary Structure-Secondary structural elements of hLtn45 were determined from chemical shift index (CSI) and NOE patterns and compared with those of the hLtn10 conformation. Fig. 6 shows the CSI and heteronuclear 15 N-1 H NOE values for hLtn10 and hLtn45. A clear difference in the CSI predictions for hLtn10 and hLtn45 is observed for residues 53-68, which normally form an ␣-helix in chemokines. In hLtn10, this stretch is predicted by chemical shift and NOE patterns to be ␣-helical and confirmed to be ␣-helical in the NMR structure (23) . In hLtn45, the same stretch is predicted to be non-helical. Diminished heteronuclear NOE values obtained at 45°C for residues 55-70 suggest that these residues are considerably more dynamic in hLtn45, consistent with a loss of the helical structure found in hLtn10. The absence of characteristic helical (i, iϩ3) and (i, iϩ4) NOEs for these residues in the three-dimensional 15 N NOESY-HSQC spectrum provides additional evidence for this conformational change.
A total of four ␤-strands is predicted by the CSI for both hLtn conformations. However, the strand predicted for residues 10 -16 did not participate in a ␤-sheet in the NMR structure of hLtn10. In contrast, NOESY spectra of hLtn45 contain a series of strong cross-strand NOEs between the ␤0-(residues [11] [12] [13] [14] and ␤3-(residues 44 -48) strands, which participate in a fourstranded antiparallel ␤-sheet structure. Further analysis of the NOE data showed that, apart from the presence of the new ␤-strand in hLtn45, the sheet structures of hLtn45 and hLtn10 are entirely different. Fig. 7 shows the NOE and hydrogen bonding patterns defining the two ␤-sheets. Compared with the pairing of strands in the hLtn10 sheet, ␤1 and ␤3 in the hLtn45 sheet are each shifted in opposite directions by one residue relative to the central ␤2-strand. The hLtn45 sheet is slightly longer: strand ␤1 starts at R23 instead of K25 and extends to P51 at the end of ␤3, whereas the same strand in hLtn10 ends at D50. In the hLtn10 sheet, both ␤-turns are irregular 3-residue turns, but in the hLtn45 sheet, the ␤-turns are regular and each contains 4 residues. In addition to changing the position and types of turns at the ␤1-␤2 and ␤2-␤3 junctions, the rearrangement completely changes the pattern of cross-strand hydrogen bonding partners within the sheet.
An N-terminal ␤0-strand is formed in a number of CC chemokines, including RANTES and MCP-1, but in those structures the ␤0 strands from two monomers pair up to form part of the dimer interface (14, 15) . On this basis we considered the possibility that ␤0 in hLtn45 could form part of a dimer interface. While no NOEs were observed that would indicate dimeric pairing of the ␤0, the altered contacts between ␤0 and ␤3 in hLtn45 (Fig. 7B) might arise from the interaction of two separate Ltn molecules. To test the hypothesis that ␤0-␤3 interstrand NOEs are intermolecular, we acquired a four-dimensional 13 C/ 15 N-edited HMQC-NOESY-HSQC experiment on a sample containing 50% 13 C-labeled Ltn and 50% 15 N-labeled hLtn. Because neither protein component was labeled with both 15 N and 13 C, the combination of 13 C and 15 N editing should have detected only NOEs arising from the association of 13 C-and 15 N-labeled monomers. No intermolecular NOEs were detected in the 13 C/ 15 N-edited spectrum, and we have therefore concluded that the ␤0-␤3 cross-strand NOEs result from intramolecular ␤-sheet contacts.
DISCUSSION
Chemokines and their receptors, which play important roles in inflammation and disease, are attractive candidates for drug development. Characterization of the biologically active structure and aggregation state for a chemokine is key to understanding its mode of receptor binding and activation. We had shown previously that human lymphotactin adopts the conserved chemokine fold and is predominantly monomeric under specific conditions of low temperature and elevated salt concentration (23) . In the present study we have demonstrated that at physiologically relevant temperatures hLtn exists in a conformational equilibrium between the chemokine domain fold and a fold with a substantially different tertiary and quaternary structure.
Low Salt and High Temperature Conformation of hLtn Is Dimeric-Analytical ultracentrifugation measurements showed that hLtn associates to a greater extent at high temperature and low salt concentration than at 10°C and 200 mM NaCl. The association constant of 850 M Ϫ1 (K d ϭ ϳ1.18 mM) determined for hLtn10 indicates that 0.5 mM hLtn10 is predominantly monomeric (23) , whereas the association constant of 26,000 Ϯ 2,000 M Ϫ1 (K d ϭ ϳ39 M) determined for hLtn at 40°C in the presence of 100 mM NaCl indicates that it is essentially all in the dimeric form. Although sedimentation studies indicated that hLtn45 is dimeric, we failed to observe any intermolecular NOEs in the 13 C/ 15 N-edited HMQC-NOESY-HSQC spectrum of 50% 13 C/50% 15 N-labeled hLtn. One possible reason for this might be that the dimer interface in hLtn45 is composed entirely of side chain-side chain interactions and that no backbone 1 H N protons are within the 5 Å NOE range of 13 C-bound protons of the other monomer. Alternatively, the rate of monomer-dimer exchange may be on an intermediate chemical shift timescale, resulting in the broadening of resonances at the interface to the point that intermolecular NOEs are too weak to be observed.
Other chemokines display similar aggregation behavior: MCP-1 is dimeric above 100 M (15) and RANTES is dimeric above 35 M (14) . The functional relevance of CC and CXC chemokine dimerization has been studied extensively. A monomeric variant of interleukin-8 has been shown to be fully functional in activating neutrophils (59) , but a cysteine cross-linked interleukin-8 dimer is also similarly active (60) . Monomeric CC chemokine variants P8A-MIP-1␤ (61) and P8A-MCP-1 have been shown to bind and activate their receptors as effectively as the wild type proteins (62) . Whereas chemokines are presumed to be predominantly monomeric at physiological concentrations, the MCP-1 dimer has been shown to exist at physiological concentrations, and covalently cross-linked MCP-1 dimers have been shown to be fully active (63) . Furthermore, physiological solution conditions have been shown to enhance the formation of dimeric MIP-1␤ (64) , and naturally produced heterodimers of MIP-1␣ and MIP-1␤ have been identified (65) . Fully functional disaggregated mutants of MIP-1␣ and RANTES have also been reported (66) . Some chemokines can inhibit HIV infection by preventing coreceptor-mediated cell entry. Although disaggregated RANTES variants retain their HIV-inhibitory activities, high concentrations of wild type RANTES, but not the disaggregated variants, have been found to enhance HIV infection (66) . These findings suggest that chemokine oligomerization, and in turn chemokine function, may be altered depending on the local environment, the solution conditions, and chemokine concentration.
hLtn45 Has a Novel Secondary Structure-The conformational equilibrium for hLtn is affected dramatically by changes in temperature and ionic strength, and the conserved chemokine fold is stabilized by elevated salt concentrations and low temperature. The structural rearrangement involves the disruption of all hydrogen bonds in the three-stranded antiparallel ␤-sheet of hLtn10 and the formation of a new four-stranded ␤-sheet, as well as the loss of the C-terminal ␣-helix. Although quaternary structural rearrangements have been described for other chemokines (24, 25) , this is the first example of a major conformational rearrangement for a chemokine at the level of secondary or tertiary structure.
Rearrangement of the ␤-sheet in hLtn10 requires the shift of the ␤1-and ␤3-strand by one residue in opposite directions relative to the ␤2-strand. As a result of this shift, residues 25 of ␤1 and 45 of ␤3, which are bulged out in the hLtn10 structure, become part of the sheet in hLtn45. In the course of this rearrangement, all hydrogen bonds in the ␤2-strand of hLtn10 are broken and replaced by new bonds. This rearrangement not only changes the entire hydrogen bonding network of the ␤-sheet but also results in rearrangement of the side chains of residues in the ␤1-and ␤3-strand to opposite sides of the sheet. Side chains of residues in ␤1 and ␤3 that point toward the ␣-helix in hLtn10 move to the other face of the sheet in hLtn45. This facet of the ␤-sheet rearrangement may help explain the loss of the C-terminal ␣-helix in hLtn45. Conserved hydrophobic core interactions involving ␤-sheet residues Tyr-27, Ile-29, Val-37, and Phe-39 and ␣-helix residues Trp-55, Val-60, and Met-63 in hLtn10 are broken in hLtn45 because the hydrophobic side chains of Tyr-27 and Ile-29 are replaced by side chains of Thr-26 and Thr-28. The ␤3-strand in hLtn45 extends to residue 51 as opposed to residue 50 in hLtn10, which might also contribute to the unfolding of the ␣-helix by shortening the connection between the sheet and the helix, which normally starts at residue 54. The temperature dependence of the fluo- rescence emission maximum of hLtn suggests that the single tryptophan in hLtn is more solvent-exposed in the high temperature/low salt form. This is consistent with changes in the structure observed by NMR, in which this residue at the start of the helix in hLtn10 leaves the hydrophobic core for a more dynamic and solvent-exposed environment upon conversion to hLtn45.
Role of Unique hLtn Sequences in Structural Rearrangement-All known chemokines, except Ltn, contain at least two disulfide bonds. Ltn lacks the first and the third cysteine residues present in other chemokines. The second disulfide bond in the other chemokines tethers the N-terminal region to the 30's loop. This additional covalent cross-link probably would preclude a ␤-sheet rearrangement of the kind observed for hLtn. The additional ␤0-strand present in hLtn45 positions Cys-11 and Cys-48 directly across from each other on adjacent strands of the sheet, thereby accommodating the single disulfide linkage. A C-terminal extension is the other unique feature of the Ltn sequence, and previous structural studies showed that these residues are dynamically disordered (23) . NMR studies reported here of a version of hLtn truncated after residue 68 showed that the unstructured 25 residues of the C terminus do not play a role in the temperature-and ionic strength-dependent conformational changes.
Biological Consequences of hLtn Conformational ChangesBoth the hLtn10 and hLtn45 conformations of hLtn are present at physiological temperature and salt concentration. This structural heterogeneity may have functional consequences. For example, others have reported difficulties in obtaining reproducible functional assays with recombinant commercial hLtn (67) . If the two conformational states reported here have different activities, the variability in activity could be explained by differences in solution conditions that would alter the relative concentrations of the two species. For elucidating the functional roles of each conformation, it will be of interest to develop variants of hLtn that preferentially adopt either the chemokine (hLtn10) or non-chemokine (hLtn45) fold. Changes in aggregation behavior accompanying the tertiary structural transition undergone by lymphotactin may also be relevant to its role as a ligand for either the XCR1 receptor or cell surface GAGs. A recent study of the GAG binding activity of interleukin-8 showed that both heparin and heparan sulfate oligosaccharides display substantially higher affinity for monomeric interleukin-8 than for the dimer (68) . Moreover, soluble interleukin-8⅐GAG complexes were more stabilized against thermal unfolding than the free protein. The potential role for GAGs in regulating the tertiary and quaternary structural features of lymphotactin will be the subject of future investigations.
